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Quantum random walks are the quantum ounterpart of lassial random walks, and were re-
ently studied in the ontext of quantum omputation. A quantum random walker is subjet to self
interferene, leading to a remarkably dierent behavior than that of lassial random walks suh as
ballisti propagation or loalization due to disorder. Physial implementations of quantum walks
have only been made in very small sale systems severely limited by deoherene. Here we show
that the propagation of photons in waveguide latties, whih have been studied extensively in reent
years, are essentially an implementation of quantum walks. Sine waveguide latties are easily on-
struted at large sales and display negligible deoherene, they an serve as an ideal and versatile
experimental playground for the study of quantum walks and quantum algorithms. We experimen-
tally observe quantum walks in large systems (∼ 100 sites) and onrm quantum walks eets whih
were studied theoretially, inluding ballisti propagation, disorder and boundary related eets.
In lassial random walks, a partile starting from an
initial site on a lattie randomly hooses a diretion, and
then moves to a neighboring site aordingly. This pro-
ess is repeated until some hosen nal time. This sim-
ple random walk sheme is known to be desribed by a
Gaussian probability distribution of the partile position,
where the average absolute distane of the partile from
the origin grows as the square root of time. First sug-
gested by Feynman [1℄ the term quantum random walks
was dened to desribe the random walk behavior of a
quantum partile. The oherent harater of the quan-
tum partile plays a major role in its dynamis, giving
rise to markedly dierent behavior of quantum walks
(QWs) ompared with lassial ones. For example, in
periodi systems, the quantum partile propagates muh
faster than its lassial ounterpart, and its distane from
the origin grows linearly with time (ballisti propagation)
rather then diusively [2℄. In disordered systems, the ex-
pansion of the quantum mehanial wave-funtion an be
exponentially suppressed even for innitesimal amount of
disorder, while suh suppression does not our in lassi-
al random walks.
In reent years QWs have been extensively studied the-
oretially [2℄ and have been used to devise new quantum
omputation algorithms [3℄. Both disrete and ontinu-
ous time QWs (DQWs;CQWs) [4, 5, 6℄ have been studied.
In DQWs the quantum partile hops between lattie sites
in disrete time steps, while in CQW the probability am-
plitude of the partile leaks ontinuously to neighboring
sites. Both types of QWs have been studied theoretially.
Experimentally, many methods have been suggested for
the implementation of DQWs [see 2℄, but only a small
sale system onsisting of a few states was implemented,
using linear optial elements [7℄. For CQWs, a few sug-
gestions have been made [8, 9℄, yet only one experimen-
tal method have been implemented by realizing a small
sale yli system (4 states) using a nulear magneti
resonane system[10℄. Suh systems are diult to sale
to muh larger ongurations. Moreover, even at these
very small sales, errors attributed to deoherene have
been observed.
Here we suggest a very dierent implementation of
CQWs using optial waveguide latties. These systems
have been studied extensively in reent years [11℄, but not
in the ontext of QWs and quantum algorithms. We show
that these systems an serve as a unique and robust tool
for the study of CQWs. For this purpose we demonstrate
three fundamental QW eets that have been theoreti-
ally analyzed in the QW literature. These inlude bal-
listi propagation in the largest system reported to date
(∼ 100 sites); the eets of disorder on QWs; and QWs
with reeting boundary onditions (related to Berry's
partile in a box and quantum arpets [12, 13℄). Waveg-
uide latties an be easily realized with even larger sales
than shown here (102− 104 sites with urrent fabriation
tehnologies), with pratially no deoherene. The high
level of engineering and ontrol of these systems enable
the study of a wide range of dierent parameters and ini-
tial onditions. Speially it allows the implementation
and study of a large variety of CQWs and show experi-
mental observations of their unique behavior.
The CQWmodel was rst suggested by Farhi and Gut-
mann [6℄, where the intuition behind it omes from on-
tinuous time lassial Markov hains. In the lassial
random walk on a graph, a step an be desribed by a
matrix M whih transforms the probability distribution
for the partile position over the graph nodes (sites). The
entries of the matrixMj,k give the probability to go from
site j to site k in one step of the walk. The idea was to
arry this onstrution over to the quantum ase, where
the Hamiltonian of the proess is used as the generator
matrix. The system is evolved using U(t) = exp(−iHt).
If we start in some initial state |Ψin〉, evolve it under
U for a time T and measure the positions of the result-
ing state, we obtain a probability distribution over the
2verties of the graph. This is desribed by
i
∂ψj
∂t
= −djγψj + γj,j+1ψj+1 + γj,,j−1ψj−1, (1)
where ψj is the wave funtion at site j, dj is the number
of sites onneted to site j (dj = 2 in the 1D nearest
neighbor ase), and γi,j(= γj,i) is the probability per
unit time for the transition between neighboring [14, 15℄.
This mathematial formulation is eetively idential to
the well known disrete Shrödinger equation used in
the tight binding (Bloh ansatz) formalism in solid state
physis [15℄. It is used to desribe the evolution of a wave-
funtion on a periodi potential, whih is essentially the
propagation of a quantum partile on a lattie [16, 17℄.
An immediate impliation for the orrespondene be-
tween QWs and these proesses is that many of the ex-
periments in solid state physis desribed by the tight-
binding model ould serve as implementations of QWs.
However, suh experiments deal with the maro-physis
of the system and with overall observables suh as on-
dutane or transmission. Therefore, one an not mea-
sure the spei spatial and temporal distribution of
the eletrons or photons wave-funtions and the miro-
physis of the system an not be diretly observed. More-
over, solid state systems ontain many eletrons whih
interat non-trivially and thus an not be desribed by
the evolution equation of a single partile usually studied
in QWs. Consequently, a qualitatively dierent experi-
mental approah is needed in order to study QWs. Here
we report suh an approah using waveguide latties.
Reently, a new tehnique has been developed for the
experimental investigation of periodi systems using op-
tis. The salient feature of these experiments is that evo-
lution of waves in time is also spread out in spae, mak-
ing it muh easier to observe. This is ahieved by using
waveguide strutures whih are periodi on one dimen-
sion (x-axis; see Fig. 1a), but are homogeneous along the
other (z-axis). In this way the wave propagation along
the z-axis is free and orresponds to the evolution in time
[11℄. Under appropriate onditions light is guided inside
the waveguides and an oherently tunnel between them.
The experimental setup and typial lattie parameters
are desribed elsewhere[18℄.
Light propagating in weakly oupled, single mode
waveguides, an be desribed by [19℄:
i
n
c
∂Aj
∂t
= i
∂Aj
∂z
= βjAj +Cj,j+1Aj+1+Cj,j−1Aj−1 (2)
Here Aj is the wave amplitude at site j, βj is the on-
site eigenvalue, Ci,j is the oupling onstant or tunneling
rate between two adjaent sites i and j (for a periodi
lattie Ci,j ≡ C is onstant), and z is the longitudinal
spae oordinate. The desription by Eq. 2 is ompletely
analogous to the quantum desription of non-interating
eletrons in a solid rystal in the tight binding approx-
imation, i.e. the disrete Shrödinger equation. The
Figure 1: (a) Shemati view of the optial waveguide lattie
used in the experiments (see text). (b) Image of the output
light distribution as reorded in the infrared amera, when
the light is injeted to a single lattie site at the input.
main dierenes are that (1) the spatial modulation of
the index of refration in the x diretion now plays the
role of the tight binding potential, and the βjs represent
the propagation-onstant eigenvalues of eah waveguide
in the lattie (2) the evolution at a given time an be
observed by measuring the intensity distribution at the
orresponding position in the z - axis [11℄, sine z = ct/n,
where c/n is the speed of light in the medium. The ad-
vantage of this system is the possibility to ontrol the
exat initial onditions for the light propagating inside
the lattie. This is done by setting the width, the phase
and the position aross the lattie of the beam injeted
into the struture. In addition, this approah enables
diret observation of the resulting wave-funtion by mea-
suring the distribution of light intensity at the sample's
output (g. 1b). Furthermore, the temporal evolution
of the wave-funtion an be observed by hanging the
sample length, or the initial onditions (e.g. [13, 20℄).
One of the hallmarks of QWs on ordered latties is
their ballisti propagation [2℄. In order to observe this
behavior, oherent light is injeted into a single site in the
lattie and the output intensity is measured. In Fig. 2 we
ompare the theoretial and the measured output distri-
bution. The signature of ballisti propagation is learly
observed both at short and long propagation times (Fig.
2a). Note that deoherene eets are negligible even
after relatively long evolution in time, maintaining the
detailed interferene pattern predited by theory (Fig.
2b). Similar results, studied in a dierent ontext, were
observed as early as in 1973 by Somekh et al. [21℄ on
small sales in strutures similar to the ones desribed
above. The propagating photons tunnel from the origin
site to an adjaent site, and immediately start tunnel-
ing to the next neighboring site. Through the tunneling
between sites the photons aumulate a pi/2 phase, and
an additional phase is aumulated ontinuously in eah
lattie site j, at a rate given by βj . The interferene
of all these waves depends on the phase aumulated in
eah possible path, and gives rise to the observed inten-
sity distribution. This desription is pratially idential
to the desription of the QW, where the light intensity
3Figure 2: (a) The theoretial predition showing the ballis-
ti evolution of the probability distribution of a CQW. The
dashed lines orrespond to the experimental measurements in
(b). (b) The observed output pattern of light intensity after
short (blue) and long (green) propagation in a periodi lat-
tie. This well known pattern is one of the hallmarks of the
ballisti propagation of QWs. () Output patterns of light
intensity resulting from injetion of light into two adjaent
single waveguides (sites 42 and 43) of a disordered lattie.
The dierent patterns observed demonstrate the high sensi-
tivity of the QW to the initial onditions in this ase.
orresponds to the probability distribution of the quan-
tum partile. Sine the single photon and many photon
problems are desribed by the same probability distribu-
tion, experiments measuring light intensity are equivalent
to performing a series of single photon experiments, from
whih the probability distribution is obtained. The prop-
agation of more omplex quantum states an be studied
using orrelated or entangled photons (see for example
[22℄). In this ase the partile harateristis of the quan-
tum walkers an be revealed by measuring two-photon
orrelation funtions.
When disordered latties are used [23, 24℄, a dierent
behavior is observed. Aumulated random phases of the
random walker lead to destrutive interferenes that in-
rease with distane from the origin. As a result, after
a short ballisti propagation, the tails of the distribution
are exponentially suppressed leaving the probability dis-
tribution exponentially loalized to a small regime. This
phenomena should be distinguished from a disordered re-
lated deoherene. Deoherene is related to temporal
disorder, whih indues a loss of phase oherene and
results in a transition into lassial diusion, harater-
ized by an expanding Gaussian probability distribution
[25, 26℄. Spatial disorder suh as used here leads to an
exponential (Anderson) loalization [e.g. 27, 28℄, whih
is a oherent interferene eet . In the ontext of CQWs,
suh behavior was was found to be important for the ef-
ieny of quantum algorithms [17, 26, 29℄.
QWs in disordered latties are highly sensitive to the
initial onditions.Fig. 2 shows two output patterns of
light intensity resulting from the injetion of light into a
single waveguide of a lattie and similar injetion to an
adjaent site of the same lattie. The dierent patterns
observed demonstrate the high sensitivity of the QW to
the exat initial onditions. This serves as a unique sig-
nature of the oherent nature of the QW, whih is not
present in the lassial ase. In addition these results
demonstrate the eet of disorder on QWs, where in this
ase the disorder was introdued through randomizing
the tunneling rate between sites (o-diagonal disorder).
The tails of the distribution still show the ballisti om-
ponent of the regular QW. However, additional strong
peaks now appear near the origin. At later times these
peaks evolve (on average) into an exponentially loalized
distribution, while the ballisti side lobes are suppressed
(see [24℄ for detailed disussion).
Several theoretial studies have been done on QWs
with boundary onditions [30, 31℄, that give rise to om-
plex self interferene patterns. In Fig. 3 we show ex-
perimental results of a QW with one reeting boundary
ondition, ompared with the theoretial analysis. A se-
ries of measurements is shown (horizontal rossetions),
where in eah measurement light was injeted loser to
the boundary. The observed pattern results from the self
interferene of the inoming and reeted photons near
the boundary, in agreement with theoretial preditions
[30, 32℄. Although these are limited observations show-
ing results of a short time propagation, longer waveguide
latties ould be used to study the more omplex evo-
lution at later times. For example, suh behavior of a
two boundary onditions system an be used for study-
ing quantum arpets ontaining fratal patterns [12, 29℄.
As an implementation of QWs, waveguide latties arry
some important advantages over other possible shemes.
First, the tehnologies available for their fabriation or
indution have reahed a peak in reent years, enabling
full ontrol of every lattie parameters in 1D and 2D
[18, 33℄ , or limited yet real time ontrol of lattie pa-
rameters in 2D [34℄. Seond, waveguide latties have ex-
ellent strutural stability, thus in pratie deoherene
due to noise is negligible. The optial wavelength in our
experiments (using AlGaAs wafers) is around 1.5µm, the
standard ommuniation wavelength, and losses at these
wavelengths are extremely small. This is highly impor-
4Figure 3: (a) Measurements of the self interferene patterns
of QWs near a reeting boundary. Horizontal rossetions
show the left half of the probability distribution of the QW, at
dereasing input site position (vertial axis), where position
0 marks the lattie left boundary. (b) Comparison to the
theoretial analysis using the method of images [32℄.
tant for quantum omputational tasks where ohereny
is essential. Third, eets arising from the interations
between dierent random walkers in other possible im-
plementations are eliminated here, due to the bosoni,
non interating nature of photons.
In reent years several quantum algorithms based on
QWs have been suggested[35℄. For realisti use of suh
algorithms one requires exponentially large systems. We
note that as long as entanglement is not introdued, our
system is limited to large but not exponentially large
sale funtionality. The lak of entanglement limits the
number of the states of the system, whih sales linearly
with the number of waveguides. Our system, even with-
out entanglement, an potentially implement QW algo-
rithms, sine quantum entanglement is not required for
the algorithm implementation or its improved eieny.
Its only role in this ase is to allow for a larger number of
states (see, for example the disussion in [36℄). Some of
the suggested QW algorithms have been shown to provide
polynomial or even exponential speed up [37, 38℄. Un-
fortunately, in all of the algorithms suggested so far the
speed up of quantum over lassial algorithms is ahieved
only when applied to high dimensional systems. Never-
theless, our system an still be used to implement and
study these algorithms in lower dimensions.
In summary, we have demonstrated the strong orre-
spondene between QWs and light propagation in waveg-
uide latties. This orrespondene an be used to extend
and interhange ideas and knowledge aquired in both
elds (e.g. non-linear behavior [11℄ in CQWs or entan-
glement eets [39, 40℄ in waveguide latties). The high
level of ontrol, the auray, and the low deoherene
rates ahieved in waveguide latties experiments provide
a powerful tools for the study of QWs, and may prove
useful in the implementation of QWs-based algorithms.
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